, S. J. (2008). Reactions of the hydroperoxide anion with dimethyl methylphosphonate in an ion trap mass spectrometer: evidence for a gas phase α-effect. Organic and Biomolecular Chemistry, 6 (13), 2316-2326. Reactions of the hydroperoxide anion with dimethyl methylphosphonate in an ion trap mass spectrometer: evidence for a gas phase a-effect
Graphical Contents Entry
Reactions of HOO -with DMMP in an ion trap are dominated by nucleophilic substitution in contrast to other oxygen centred nucleophiles with similar basicity and provide the first experimental evidence of a gas phase !-effect. A similar !-effect was calculated for nucleophilic additionelimination at phosphorus, but this process -an important step in the perhydrolysis degradation of CWAs in solution -was not observed to occur with DMMP in the gas phase. A theoretical investigation revealed that all processes are energetically accessible with negative activation energies. However, comparison of the relative Arrhenius pre-exponential factors indicate that substitution at phosphorus is not kinetically competitive with respect to the S N 2(carbon) and deprotonation processes.
Introduction
Over recent years, the threat of chemical warfare agents (CWAs) has driven the development of enhanced methods for their detection and decontamination. 1 It has long been known that peroxide-based decontaminants effectively degrade CWAs [2] [3] [4] and recent efforts in the development of environmentally benign decontamination technologies have led to an effective decontaminant which consists of hydrogen peroxide and a peroxide activator in solution. 5 The application of hydrogen peroxide in the vapour phase has also been shown to be effective against CWAs allowing for the rapid remediation of contaminated buildings. 6 Interestingly, hydrogen peroxide alone in solution degrades isopropyl methyl phosphonofluoridate (GB) very slowly with a half-life measured by 31 P NMR in the order of days, while the degradation of GB with an activated hydrogen peroxide solution occurs too rapidly to measure by NMR. 5 In some instances the perhydrolysis reactions are between 40 and 300 times faster than the analogous alkaline hydrolysis or neutral oxidation processes. 4, 7 Such observations are generally attributed to the increased nucleophilicity of the hydroperoxide anion due to the presence of a lone pair of electrons on the oxygen atom adjacent to the nucleophilic centre: a phenomenon often referred to as the '!-effect'. 8 The peroxide anion has also been shown to selectively degrade O-ethyl S-[2-(diisopropylamino)ethyl] methylphosphonothioate (VX) to the non-toxic product ethyl methylphosphonic acid (EMPA). 3, 4 The exclusive P-S cleavage reaction observed during the alkaline perhydrolysis of VX (Scheme 1) is a significant advantage over the hydrolysis reaction that undergoes P-S and P-O cleavage reactions, with the latter process resulting in the formation of the toxic by-product S-[2-(diisopropylamino)ethyl] methylphosphonthioic acid (EA-2192). 
Scheme 1
The perhydrolysis reaction is generally regarded to proceed via a pentavalent intermediate and a number of theoretical studies into the mechanism of the process have been reported. 9, 10 For example, a recent theoretical study compared the alkaline perhydrolysis of a model VX compound to the analogous hydrolysis process and found that both reactions proceed via a phosphorus-centred pentavalent intermediate. 10 However, while reactions resulting in the cleavage of both P-O and P-S bonds of VX are kinetically competitive during hydrolysis, P-S bond cleavage was calculated to be kinetically favoured during alkaline perhydrolysis and explains the absence of the toxic product (cf. Scheme 1). Theoretical studies also indicate that a stable pentavalent intermediate is formed in the hydrolysis of the G-series of chemical agents. 10, 11 While no pentavalent intermediates of CWAs have been observed directly, peroxy intermediates [HOOP(O)(CH 3 )OR, R = (CH 3 ) 2 CH, (CH 3 ) 3 CCH(CH 3 )] have been observed by 31 P NMR during the alkaline perhydrolysis of GB and pinacolyl methyl phosphonofluoridate (GD) and are consistent with nucleophilic attack at the phosphorus centre. 5 The gas phase ion-molecule reactions of various anions with a number of organophosphorus compounds have been investigated using mass spectrometry. 12, 13 In particular, Lum and Grabowski reported the gas phase reactions between selected anions and the CWA simulant, dimethyl methylphosphonate (DMMP). The reaction of the HO -anion with DMMP resulted in almost exclusive deprotonation, while the F -anion reacted by nucleophilic attack at both carbon and phosphorus centres. 13 This difference was suggested to be partly due to the enhanced nucleophilicity of the F -ion toward the phosphorus centre. Interestingly, no study has been reported on the gas phase reactions between the HOO -anion and organophosphorus compounds. Previous experimental work by DePuy et al. suggested that the nucleophilicity of peroxide anions in the gas phase is similar to that of hydroxide ions, indicating that the !-effect is not significant in the absence of solvent. 14 However, recent computational studies comparing anions of similar proton affinities indicate that !-nucleophiles have lower activation energies for nucleophilic substitution reactions at saturated carbon centres. 15 Further, !-nucleophiles with hard !-atoms, such as HOO -, have a greater reduction in activation energy than those with soft !-atoms, such as BrO -. 15 Therefore, in the absence of solvent effects, the study of gas phase reactions may provide insight into the intrinsic increase in nucleophilicity due to the !-effect. 
Results and Discussion

Mass Spectrometry
A general scheme for the reactions of various anions with neutral DMMP reported by Lum and Grabowski is shown in Scheme 2. -(m/z 123) product ion was observed to dominate whenever the deprotonation reaction channel was active. 
Scheme 2
The major product ion for the gas phase reaction of HO -with DMMP was a result of the deprotonation process with a branching ratio determined to be 96%. The S N 2(carbon) process was observed with a branching ratio of only 4%. This was similar to the gas phase reactions of ). 13 Therefore, in the absence of a significant difference in gas phase nucleophilicities, the deprotonation process may be expected to similarly dominate for the reaction between HOO -and DMMP. In contrast, the deprotonation pathway is switched off for the potent nucleophile F -(PA = 1554 kJ mol -1 ), 18 which reportedly undergoes nucleophilic substitution at the ester carbon (84%) and addition-elimination at the phosphorus centre (16%). Figure 1 . In addition, the product ion branching ratios for each of the reactions were determined using the Grabowski method as described previously. [ Figure 3 ]
Reactions of the CD 3 O -anion
The CD 3 O -anion (m/z 34) was isolated and allowed to react with neutral DMMP in the ion trap.
The resulting product ion spectrum is shown in Figure 1b and the plot of product ion intensities against the consumption of the reactant ion used to obtain branching ratios is shown in Figure 4 .
The observed processes for the reaction between CD 3 O -and DMMP were deprotonation (97%) and the S N 2(carbon) pathway (3%) and are reasonably consistent with previously reported branching ratios of 93% and 3%. Torr).
[ Figure 4 ]
Reactions of the HOO -anion
The HOO -anion (m/z 33) was isolated and allowed to react with neutral DMMP in the ion trap.
The major product ions observed in the resulting product ion mass spectrum ( 
Scheme 3
The m/z 109 and m/z 123 product ions were characterised using MS 
Electronic Structure Calculations
The deprotonation, S N 2(carbon), addition-elimination and reductive elimination pathways (Scheme 2) for the reaction between HOO -and DMMP were investigated using hybrid density functional theory. Optimised structures of pertinent stationary points on the B3LYP/6-31+G(d) potential energy surface for each process are shown in Figure 7 and the calculated energies, structural connectivity and transition state imaginary frequencies are detailed in Table 1 ). In addition, the process has a negative activation barrier with the transition state, TS1 calculated to be some 42 kJ mol -1 more stable than the isolated reactants (Table 1 ).
The reactant ion-neutral complex, RC1 ( below the entrance channel.
[ Figure 8 ]
HOO -reaction pathways not observed: reductive elimination and addition-elimination
The addition-elimination process for the reaction between HOO -and DMMP was also investigated using hybrid DFT calculations ( Figure 9 ). The initial attack was calculated to involve a specific orientation of the HOO (Table 1) .
Reductive elimination of DMMP has previously been observed only for the NH 2 -anion and no experimental evidence for the process was observed during this study (Figure 1 ).
Calculations at the B3LYP/aug-cc-pVTZ//B3LYP/6-31+G greater than the deprotonation process and therefore reductive elimination is not energetically competitive.
Entropy considerations
The theoretical data so far indicates that the addition-elimination reaction may proceed via a 
21, 22
The vibrational partition function values were determined for the transition states TS1 -TS3 (supplementary data). As previously reported, 21 there is a difficulty in knowing precisely which of the low frequency vibrations to use, but if all of the calculated frequencies are considered, the Arrhenius factor for the S N 2(carbon) process is twenty-seven times larger than that for the deprotonation pathway which, in turn is three times larger than the addition-elimination process (Table 2 ). This estimation of relative entropic contributions to the reaction rates is consistent with the S N 2(carbon) process being significantly more accessible as compared to the competing pathways. Further, the lower Arrhenius factor of the addition-elimination process relative to that of the deprotonation process explains the preference for deprotonation and absence of the addition-elimination process.
[ Table 2 ]
Thermodynamic considerations
The large dissociation energy of the product ion complex, PC2 (90 kJ mol Table 3 . There are no significant energetic or entropic differences between the deprotonation pathways of each anion.
However, the activation energies of the S N 2(carbon) and addition-elimination processes were calculated to be significantly lower for HOO (Table 2) . Further, the pre-exponential Arrhenius factor is greatest for the S N 2(carbon) process involving HOO -and is larger, relative to the deprotonation process, by a factor of twenty-seven. Based on these results, the additionelimination process is significantly less competitive with respect to the S N 2(carbon) process for the HOO -reaction with DMMP than that of CH 3 O -.
[ Table 2] [ Table 3 into the ion trap region of the instrument have been previously described. 24 Briefly, neutral liquids and gases are introduced into a flow of Ultra High Purity (UHP) helium (3-5 psi) via a heated septum inlet (25-250 °C). The neutral flow is controlled using a syringe pump, while helium is supplied via a variable leak valve to provide a total ion gauge reading of ~0.9 " 10 -5
Torr representing an estimated trap pressure of 2.5 mTorr. The temperature of the vacuum manifold surrounding the ion trap was measured at 307 ± 1 K, which is taken as being the effective temperature for ion-molecule reactions observed herein. 
Electronic structure calculations
Geometry optimisations were carried out with the Becke 3LYP (B3LYP) method 26 using the 6-31+G(d) basis set within Gaussian 03W suite of programs. 27 All stationary points were characterised as either a minima (no imaginary frequencies) or transition states (one imaginary frequency) by calculation of the frequencies using analytical gradient procedures. Frequency calculations also provided zero-point energies, which were used to correct electronic energies calculated using the larger correlation consistent Dunnings basis set aug-cc-pVTZ. 28 The minima connected by a given transition state were confirmed by inspection of the animated imaginary frequency using the GaussView package 29 and by intrinsic reaction coordinate (IRC)
calculation.
30
Conclusions
The gas phase reactions of the HOO The observation of a gas phase !-effect for the hydroperoxide anion indicate that mass spectrometry can be used to investigate the intrinsic chemistry of CWA perhydrolysis. In the case of DMMP, the phosphorus-centred pathway was not observed and therefore this system may not be a suitable to probe the perhydrolysis degradation of CWAs which differ by the presence of P-F or P-S bonds and larger alkyl groups. These results highlight the importance of the electrophilicity at phosphorus, bonding at phosphorus, steric and solvent effects in the study of CWAs and their simulants. Table 3 Calculated data for selected stationary points on the B3LYP/6-31+G(d) potential energy surface for reaction between CH3O -and DMMP. Structures, zero point energies and imaginary frequencies were calculated at B3LYP/6-31+G(d). Relative energies were determined using the aug-cc-pVTZ basis set and include zero point correction. 
Captions for Figures
Figure 1
Product ion spectra resulting from the gas phase reaction of (a 
Figure 2
Branching ratio plot observed for the reaction between F -(m/z 19) and DMMP (124 Da) with a reaction time of 0.03ms. MS experiments were conducted using a modified quadrupole ion trap mass spectrometer operating at a temperature of 307K and pressure of 2.5mTorr. The slopes afford branching ratios for the product ions m/z 109 (91%) and m/z 111 (9%). 
Figure 4
Branching ratio plot observed for the reaction between CD 3 O -(m/z 34) and DMMP (124 Da) with a reaction time of 100ms. MS experiments were conducted using a modified quadrupole ion trap mass spectrometer operating at a temperature of 307K and pressure of 2.5mTorr. The slopes afford branching ratios for the product ions m/z 123 (97%) and m/z 109 (3%).
Figure 5
Branching ratio plot observed for the reaction between HOO -(m/z 33) and DMMP (124 Da) with a reaction time of 200ms. MS experiments were conducted using a modified quadrupole ion trap mass spectrometer operating at a temperature of 307K and pressure of 2.5mTorr. The slopes afford branching ratios for the product ions m/z 109 (89%) and m/z 123 (11%). Reaction coordinate diagram for the addition-elimination process which was not observed during the gas phase reaction of HOO -anion with DMMP. All structures were optimised at B3LYP/6-31+G(d) level and energies calculated at the B3LYP/aug-cc-pVTZ//B3LYP/6-31+G(d) level. 
